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Abstract. Magnetite particles were successfully generated by hydrothermal 
synthesis using water at subcritical conditions. By changing the temperature and 
pressure at subcritical water conditions, the thermodynamics and transport 
properties of the water can be controlled, thus enabling to manage the way of 
crystal formation, morphology, and particle size. In this work, the experiments 
were carried out at temperatures of 250 °C and 290 °C and a pressure of 10 MPa 
with a reactor made of SUS 316 in a batch system. The synthesized particles 
were dried in vacuum condition and characterized by SEM and XRD. The XRD 
patterns showed that magnetite particles were dominantly formed in the particle 
products with a black color. The results showed that the magnetite particles 
formed had diameters of around 60 nm in all experiments with irregular 
polyhedral shaped morphologies. 
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1 Introduction 
There are a number oxides from iron that are composed of Fe (iron) together 
with O (oxygen) and/or OH (hydroxide). Commonly synthesized and versatile 
iron oxides are magnetite (Fe3O4), hematite (α−Fe2O3), maghemite (γ−Fe2O3), 
and goethite (α−FeOOH) [1]. Magnetite, one of the common iron oxides, has 
unique electric and magnetic properties because of the presence of iron cations 
in two valence states, Fe2+ and Fe3+, in the octahedral sites. This iron oxide has a 
cubic inverse spinel structure as a common ferrite from iron oxides. Magnetite 
particles have been widely used in separation processes, heat transfer 
applications, medical applications, biosensors, dynamic sealing, recovery of 
metal irons, and so on [2-4]. Due to the wide potential application of magnetite 
particles, the synthesis of this material has been studied intensively in recent 
years, which has makes them suitable for diverse applications [5]. 
Several methods have been reported for the formation of magnetite particles in 
micro-nano scale, such as thermal decomposition, microemulsion, co-
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precipitation, and hydrothermal methods [2,4]. Each method has its advantages 
and disadvantages, hence it is difficult to choose one as the simplest or the most 
feasible for use in industrial methods. Co-precipitation is the most conventional 
and most easy way to produce iron oxides. This method has been shown to be 
economic and versatile and is being applied in several commercial production 
plants for the synthesis of magnetite particles. However, controlling the particle 
size distribution in this method is restricted, because the crystal growth is 
controlled by kinetic factors. Therefore, a surfactant or stabilizers are needed in 
the reaction media to generate stabilized nanoparticles [2,4,6]. In thermal 
decomposition, magnetite particles are synthesized from organometallic 
compounds in high-boiling organic solvents. This method produces 
monodispersed particles in nano scale. Nonetheless, the particles formed 
frequently congregate with a large size distribution. Hence, surfactants are 
employed to inhibit the growth of the particles and enhance particle stabilization 
[2,4,7]. Magnetite particles can also be generated by a micro-emulsion 
consisting of two different immiscible liquids. This method is difficult to 
control and therefore the particles are produced at a low yield in a relatively 
wide range of sizes and shapes and require a large amount of solvents. A simple 
and environmentally friendly method to generate metal oxide particles at micro-
nano scale, including iron oxides, is hydrothermal treatment [2,4,8]. The 
hydrothermal method has advantages such as facility to control particle size and 
morphology by changing the pressure and temperature of synthesis; 
applicability to many materials via direct synthesis in the desired crystalline 
phase at relatively low temperature; and the ability to produce substances in an 
elemental oxidation state [8]. 
Although the hydrothermal method has been known as a successful process for 
the production of crystals of many different materials, a long reaction process is 
needed when it is conducted at atmospheric pressure [9-11]. Consequently, this 
method is costly. Fan, et al. [9] conducted experiments to produce particles of 
nanocrystalline magnetite using the hydrothermal method in a simple process at 
a temperature of 140 °C and atmospheric pressure. They concluded that 
nanocrystalline magnetite particles were successfully generated from ferrous 
sulfate, sodium hydroxide and sodium thiosulfate at this condition. However, a 
long reaction process was required (12 hours). Similar results were obtained in 
another study on the synthesis of magnetite from ferrous sulfate at a temperature 
of 180 °C using hydrothermal treatment at atmospheric pressure [11]. The 
authors state that the morphology of the magnetite particle products was formed 
in various shapes after 20 hours reaction time. Again, a long reaction time was 
needed, as can be seen in Table 1. In order to overcome this disadvantage, in the 
present study, the formation of magnetite particles was conducted using the 
hydrothermal method at temperatures of 250 °C and 290 °C and a pressure of 
10 MPa. This method utilizes the solubility of inorganic substances in water at 
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subcritical conditions. Due to the change structure of water under elevated 
temperatures and pressures, it is able to play an important role in the 
transformation of precursor material and subsequent precipitation of the 
material dissolved in the fluid [12-14]. The particle products were characterized 
by SEM and XRD after drying. 
Table 1 Magnetite Synthesis by hydrothermal technique with respect to 
product morphology. 
Operating 
conditions 
Magnetic Source 
Products 
Reac- 
tion 
time 
[h] 
Referen- 
ce 
T P 
Morpho- 
logy 
Size 
140°C Ambient FeSO4 
quasi-sphere 
polyhedron 
50 nm 12 Fan, et al. [9] 
140°C Ambient FeCl2 
quadrangle and 
hexagon 
40 nm 6 
Wang, et al. 
[11] 
180°C Ambient 
Fe3O(OCOCH3)6NO3, 
FeCl2.4H2O, 
FeSO4.7H2O 
diamond-like, 
prism-shuttle-
like, rod-like and 
spherical shapes 
0.01-12 
nm 
20 
Dong, et al. 
[10] 
2 Experimental Section 
2.1 Materials 
The starting material was commercial ferrous sulfate hydrate (FeSO4.7H2O, 
Wako Pure Chemical Industries Ltd., Osaka, Japan). Ammonia solution (NH3, 
28%), hydrogen peroxide (H2O2, JIS standard), and ethanol (C2H6O, 99.5%) 
were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 
Distilled-deionized water was produced by a water distillation and water 
purification apparatus (Shibata Co. model PW-16, Japan. Simplicity UV, 
Millipore Corp., USA) was used as a solvent throughout the experiments. 
2.2 Experimental Setup and Procedure 
The typical experimental procedure was as follows: 1.5 g ferrous sulfate hydrate 
was dissolved in 12 ml of distilled-deionized water. After that, 2 ml diluted 
ammonia (2.5%) was mixed with the solution and stirred around 5 min. Then 
0.054 ml hydrogen peroxide was added into the solution slowly while stirring. 
This solution was stirred for 5 min to obtain a homogeneous condition. Figure 1 
shows the general work of magnetite particle synthesis by hydrothermal 
process. Next, the solution was transferred into a reactor (8.8 ml of volume, 
SUS 316, AKICO, Japan), sealed and heated at 250 °C and 290 °C [15-17]. The 
reactor was allowed to work at a temperature of 300 °C and a pressure of 30 
MPa. The experiments were conducted at a controlled temperature in batch 
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Ferrous sulfate hydrate and ammonia mixed 
Hydrogen peroxide added 
Drying (vacuum drying oven at 50 °C) 
Removed and cooled at room temperature 
Loaded in the reactor and heated 
Stir until homogeneous 
250-290 °C; 10 MPa, 30-240 
Stir until homogeneous 
Quick quenching method 
reactors. Argon gas was employed to remove air from the reactor prior to 
sealing it. An electric furnace (ISUZU Co. Ltd., model NMF-13AD, see Figure 
2) with temperature controller was used to heat the reactor to the desired 
temperature.  
 
 
 
 
 
 
   
 
 
 
 
Figure 1 Flowchart summary of magnetite particle synthesis by hydrothermal 
process. 
In preliminary experiments, the inside temperature of the reactor was 
determined by a thermocouple (K-type) placed in the reactor. The time needed 
was 10 min to increase the reactor temperature from ambient to the desired 
condition so the reactor temperature was similar to the temperature of the 
furnace. The temperature profile is plotted in Figure 3. In further experiments, 
the thermocouple was not employed in order to obtain an accurate analysis and 
complete recovery of the synthesized particle products and to accurately 
determine the volume of the reactor. The water densities and steam table data 
were used to estimate the reactor pressures. A mechanical device was applied to 
shake the reactor during the experiments. The experiments were carried out for 
30-240 min (inclusive 10 min of heating time); next, the reactor was removed 
from the furnace and immediately cooled in a water bath at room temperature. 
After quenching, the liquid and solid fractions were unloaded from the reactor 
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and collected by cleaning the inside of the reactor with ethanol. Each 
experiment was performed in duplicate or triplicate. 
 
Figure 2 Electric furnace (a) and SUS reactor (b) used in the experiment. 
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Figure 3 Typical temperature profile for hydrothermal synthesis at a pressure of 
10 MPa. 
The surface morphologies of the magnetite particles were characterized with a 
scanning electron microscope (SEM; JEOL JSM-6390LV). The magnetite 
particle size was determined from the SEM images by image analyzer software 
(a) 
(b) 
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(Image J 1.42). X-ray diffraction (XRD) patterns were observed to detect that 
magnetite particles were generated through the hydrothermal synthesis method. 
A Rigaku RINT 2100/PC XRD machine (40 kV and 200 mA) installed with a 
θ-θ wide-angle goniometer and scintillation detector was employed for all XRD 
observations, with Cu Kα radiation (λ = 1.5406 Å). 
3 Results and Discussion 
Figure 4 shows the typical SEM images of the iron oxide particles synthesized 
under hydrothermal conditions at 250 °C and 290 °C for 60 min synthesis time. 
These figures show that the hydrothermal process in which the chemical 
reactions can take place in aqueous media under high temperature and pressure 
allows to generate iron oxide particles due to the change in dielectric constant. 
Hayashi and Hakuta [16] explain that synthesis by hydrothermal method 
respects the heterogeneous particle synthesis or particle growth in the presence 
of solvent liquids or mineralizers under high temperature and high pressure 
from materials that are insoluble at temperatures and pressures lower than 
100 °C and 1 atm, respectively. At these conditions, the water acts as a reactant 
for inorganic nanoparticle synthesis. The water molecules dissociate into H+ and 
OH−, as illustrated by the ionic product (Kw) increase as the temperature 
increases and reaches its highest value at around 300 °C. When the temperature 
and pressure increase, the density and dielectric constant of the water also shift. 
The dielectric constant of water is about 78 at ambient temperature. At this 
condition, the polar point of inorganic salts exhibits solubility. When the water 
temperature is raised to 200 °C and 300 °C, the dielectric constants are around 
35 and 21, respectively. According to electrostatic theory, the dielectric constant 
has a notable influence on the synthesis reaction rate. At these conditions, a 
high water density may also significantly promote the transformation due to the 
hydration effect of the chemical reaction. Consequently, subcritical water may 
be used as a suitable reaction medium for particle generation due to the 
increased reaction rate and, according to nucleation theory, the reduced 
solubility will result in a high degree of supersaturation. 
As shown in Figure 4, most of the particles formed seemed to have irregular 
polyhedral shaped morphologies; their morphologies can even be said to be 
nearly spherical in shape [18]. At least 500 different particles were randomly 
selected and used to estimate the size distribution of the generated particles, as 
shown in Figure 5. 
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Figure 4 SEM images of iron oxide particle products at (a) 250 °C and (b) 290 
°C, respectively. 
Observation showed that the iron oxide particles formed had diameters ranging 
from 25 to 125 nm. More particularly, most particles generated had 55 nm 
diameter sizes and fewer particles were found at larger particle sizes (> 100 
nm). In this work, the wide range of iron oxide particle diameters indicate that 
the iron oxide particles were generated via a dissolution and recrystallization 
process [19]. The big iron oxide particles grow even bigger at the expense of 
smaller iron oxides particles. This phenomenon, which proceeds according to 
the Ostwald ripening process, can be explained by the fact that the smaller iron 
oxide particles in the solution dissolve and precipitate on larger particles in 
order to reach a more thermodynamically stable state. 
 
(a). 250 °C 
(b). 290 °C 
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Figure 5 Particle size distribution of iron oxide particles products at (a) 250 °C 
and (b) 290 °C, respectively. 
In order to know the appearance of the generated particles, the iron oxide 
particles were observed using XRD [8, 20]. Figures 6(a) and 6(b) illustrate the 
XRD patterns of the iron oxides particles produced by hydrothermal synthesis at 
temperatures of 250 °C and 290 °C with 60 minutes synthesis time, 
respectively. To identify the magnetite formed, the JCPDS system was used. As 
shown in these figures, the diffraction patterns and relative intensities of all 
diffraction peaks matched well with those of JCPDS card no. 19-0629 for 
magnetite [14]. The peak positions and relative intensities of the XRD patterns 
can be seen at 2θ = 30.08°, 35.42°, 43.06°, 56.94°, 62.52° and 74.96°, which are 
the reflection peaks from the (220), (311), (400), (511), (440) and (533) lattice 
10 20 30 40 50 60 70 80 90 100 110 120 130 140
0
5
10
15
R
e
la
ti
v
e
 n
u
m
b
e
r 
o
f 
p
a
rt
ic
le
 [
%
]
Diameter [nm]
(b). 290 °C. 
10 20 30 40 50 60 70 80 90 100 110 120 130 140
0
5
10
15
R
e
la
ti
v
e
 n
u
m
b
e
r 
o
f 
p
a
rt
ic
le
 [
%
]
Diameter [nm]
(a). 250 °C. 
                Synthesis of Polyhedral Magnetite Particles…                761 
planes. These iron oxide particle XRD patterns are in good agreement with the 
standard magnetite particle XRD patterns [18, 21-25]. At these conditions, the 
magnetite particles are generated by the following reactions: ferric hydroxide 
(Fe(OH)3) is transformed to ferrous hydroxide (Fe(OH)2) grows on goethite 
(FeOOH). Then, the complex of ferrous hydroxide-goethite is converted into 
magnetite [21]. Lian, et al. [21] describe in detail that ammonia reacts with 
water to generate OH radicals at first, which results in a uniform increase of the 
solution’s pH value until the solubility limit. Next, since the solubility product 
of ferric hydroxide is much lower than that of ferrous hydroxide, with the 
increase of the pH value, the ferric hydroxide is first precipitated. Then the 
ferric hydroxide transforms into goethite, which is generally needle-shaped. 
Due to more hydroxyl ions being generated, the ferrous hydroxide reaches its 
solubility product. Since there are goethite nucleates, the ferrous hydroxide is 
allowed to grow on the goethite and finally converted into magnetite. Wei Wu, 
et al. [26] have reported that well-crystallized magnetite grains can also be 
generated at hydrothermal conditions. In the following process, the crystallized 
magnetite grains produce increased saturation magnetization in nanosized 
magnetite.  
Sato, et al. [25] studied the mechanism of magnetite particle formation using 
organic compounds to generate magnetite crystals with uncommon facets under 
hydrothermal conditions. They explain that the magnetite crystal morphology 
formed by the hydrothermal process of an aqueous solution containing ferrous 
ions and organic compounds depends on the organic compound used. However, 
quasi-octahedral magnetite particles can also be produced with water at 
subcritical conditions and without chemical additives as reaction media. Based 
on the result, it can be said that the hydrothermal method is a simple and 
promising route to synthesize magnetite particles. Wei Wu, et al. [26] state that 
the hydrothermal method is prone to generate highly crystalline iron oxides as 
product results. This method has been applied for single crystal particle growth 
and nascents generated in hydrothermal synthesis can also have a better 
crystallinity than those from other methods. Pineiro, et al. [27] have reported 
that the hydrothermal method is an excellent way to generate magnetite 
particles with high crystallinity. Therefore, the magnetite particles synthesized 
by this method are very suitable candidates for bioapplications such as targeted 
drug delivery, magnetic hyperthermia, and MRI contrast agents. It can be said 
that magnetite particles with high crystallinity possess appropriate performance 
characteristics for many bioapplications. It should be noted that magnetite is not 
thermodynamically stable under oxidizing conditions, but nevertheless 
magnetite will be oxidized to other iron oxides when the environment 
temperatures are above 400 °C [28]. 
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Figure 6 XRD patterns of iron oxide particles products at (a) 250 °C and (b) 
290 °C, respectively. 
XRD is the basic technique for characterization of crystal structures and one of 
the most important non-destructive methods to analyze all types of matter, 
including fluids, powders, and crystals [14,20]. It can characterize particle 
products as a whole and provide detailed information from only a few particles. 
Hosokawa, et al. [20] describes the main advantages of using XRD. Firstly, 
measurements can be conducted in air or atmospheric conditions. Secondly, 
sample preparation is easier. They also state that the average crystal structures 
can be evaluated quantitatively. Despite this technique’s facility to characterize 
crystal structures, a broad spectra interpretation and a high noise level in the 
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spectra baseline may occur (see Figure 6). These phenomena can be found when 
an XRD with Cu Kα radiation is used to characterize material contents with 
high mass-absorption coefficients, such as iron. A higher and a noisier baseline 
will be found in the XRD pattern because the sample may emit fluorescent X-
rays [29]. As a result, small peaks may be not detected due to the high baseline 
(background) noise. The average magnetite crystal size can also be determined 
from the broadening of the XRD line using the Scherrer equation, which shows 
the corrected width of an XRD line at an angle θ as a function of the mean size 
of the coherently scattering domain perpendicular to the total reflection plane 
[30]. Due to the relatively high background noise (see Figure 6), both the 
baseline and the half-width of the XRD peak spectra cannot be determined 
precisely. This will cause inaccuracy in the determination of the magnetite 
crystal size. Hence, the magnetite crystal size is not presented in this work. 
As mentioned above, the hydrothermal process is simple and can easily produce 
highly crystalline metal oxides, including magnetite particles, where the size 
and morphology of the metal oxides particles are prone to be restrained by 
changing the conditions of synthesis [8,16]. Hayashi and Hakuta [16] explain 
that the size of metal oxide particles can be controlled by nucleation and grain 
growth processes during hydrothermal treatment. They state that the 
temperature and pressure in hydrothermal conditions can be modified in 
subcritical water to accomplish control of the solvent media during nucleation 
and crystallization of metal oxide particles. Hence, it can be said that metal 
oxide particle size is affected by the rate of the hydrolysis reaction and the metal 
oxide solubility in water media. Machmudah, et al. [8] have reported that the 
diameters of metal oxide particles generated at around 300 °C are clearly larger 
than the diameters of those generated at 200 °C. Ozel, et al. [31] have reported 
that the diameter of iron oxide nanoparticles increased from 14.5 ± 4 to 29.9 ± 
9 nm when the reaction temperature of hydrothermal treatment increased from 
100  °C to 180 °C at the same reaction time. Figures 7 and 8 show SEM images 
of the iron oxide particles generated by hydrothermal treatment at temperatures 
of 250 °C and 290 °C with various synthesis times. It can be seen in these 
figures that most of the iron oxide particle products exhibit an irregular 
polyhedral shaped morphology.  
Wang, et al. [18] have reported that the solubility and dispersion of substances 
as starting materials in water at these conditions (< 350 °C) have a large 
influence on the shape morphology of magnetite formation. If the solubility and 
dispersion of substances are not properly dissolved and dispersed in the water 
medium, irregular polyhedral shaped morphologies are generated first. Then 
they grow into the crystal habit of magnetite according to the Ostwald ripening 
process. Apparently, their morphology does not change with changing 
temperature and synthesis time. This is owing to the same growth rate between 
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the different crystallographic planes of the iron oxide particle products at these 
temperatures. 
 
Figure 7 SEM images of magnetite particle products at 250 °C at various 
synthesis times. 
(a). 30 min. 
(b). 3 h. 
(c). 4 h. 
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Figure 8 SEM images of magnetite particles products at 290 °C at various 
synthesis times. 
(a). 30 min. 
(c). 4 h. 
(b). 3 h. 
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Figure 9 Particle size distribution of magnetite products at 250 °C at various 
synthesis times. 
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Figure 10 Particle size distribution of magnetite products at 290 °C at various 
synthesis times. 
10 20 30 40 50 60 70 80 90 100 110 120 130 140
0
5
10
15
R
e
la
ti
v
e
 n
u
m
b
e
r 
o
f 
p
a
rt
ic
le
 [
%
]
Diameter [nm]
(c). 4 h. 
10 20 30 40 50 60 70 80 90 100 110 120 130 140
0
5
10
15
R
e
la
ti
v
e
 n
u
m
b
e
r 
o
f 
p
a
rt
ic
le
 [
%
]
Diameter [nm]
(a). 30 min. 
10 20 30 40 50 60 70 80 90 100 110 120 130 140
0
5
10
15
R
e
la
ti
v
e
 n
u
m
b
e
r 
o
f 
p
a
rt
ic
le
 [
%
]
Diameter [nm]
(b). 3 h. 
768 Siti Machmudah, et al. 
  
In the case of magnetite particle sizes formed, Figures 9 and 10 show the effects 
of changing temperature and synthesis time on the particle size distribution of 
the magnetite particles at 250 °C and 290 °C at various synthesis times, 
respectively. These figures do not show any significant correlation between 
hydrothermal temperature and synthesis time in the particle size distribution. 
Nevertheless, it has been known that the hydrothermal reaction in water at 
subcritical condition has gains for metal oxide compound synthesis due to the 
increase in reaction rate by several times under conventional hydrothermal 
conditions (hot water). At this moment, the dielectric constant is low and the 
metal oxide products have high crystallinity [16]. On average, the magnetite 
product particle size was 55 nm when the reaction synthesis was carried out at 
250 °C with 30 min synthesis time. The average particle size increased to 60 nm 
when the reaction synthesis was performed at 290 °C with the same synthesis 
time. This indicates that as the synthesis temperature increases at subcritical 
water conditions, the solubility of metal oxide, including the iron oxide, is 
increased until the smaller nano-crystals finally dissolve and re-precipitate the 
solutes on the bigger nano-crystals [16,18]. Again, this result confirms that the 
metal oxide particle size depends on the reaction rate and the metal oxide 
solubility in water at subcritical water conditions. As shown in Figures 9 and 
10, the particle size distribution of magnetite products also increased with an 
increase in synthesis time at the same synthesis temperatures. They increased 
smoothly with the increase in synthesis time. At these conditions, the nucleation 
of substances may be quicker than the growth of nascents at elevated 
temperature and consequently, the particle size decreases. Meanwhile, 
extending the synthesis time will promote the growth of nascents. As a result, 
the average magnetite particle product size was around 60 nm at each condition. 
Therefore, it can be said that the nucleation and crystallization processes of 
metal particles, which has a large effect on the particle size formed from metal 
oxide under subcritical water conditions, can be managed by controlling 
temperature and synthesis time. 
4 Conclusions 
Magnetite particles with irregular polyhedral shaped morphologies were 
synthesized via hydrothermal synthesis. Experiments were conducted in batch 
process at temperatures of 250 °C and 290 °C and a pressure of 10 MPa. The 
results did not show any significant correlation between hydrothermal 
temperature and synthesis time in the particle size distribution of magnetite 
formed. The particle size of the magnetite formed was 55 nm when the reaction 
was performed at 250 °C for 30 min and it increased slightly to 60 nm at 290 °C 
for the same synthesis time. It was found that magnetite products of the same 
size were obtained when the reaction was conducted at the same reaction 
temperature with a different synthesis time. Judging by the results, the 
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hydrothermal synthesis method at subcritical water conditions allows to manage 
the way of crystal formation, morphology and particle size due to the 
controllability of the thermodynamics and transport properties via temperature 
and pressure. 
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